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Electrochemical  jet processing  techniques  provide  an  efﬁcient  method  for large  area  surface  structuring
and  micro-milling,  where  the metallurgy  of  the  near-surface  is  assured  and  not adversely  affected  by
thermal  loading.  Here,  doped  electrolytes  are  speciﬁcally  developed  for  jet  techniques  to  exploit  the
Gaussian  energy  distribution  as  found  in  energy  beam  processes.  This  allows  up to  26% reduction  in
dissolution  kerf  and  enhancements  of  the  deﬁned  precision  metric  of  up to  284%  when  compared  to
standard  electrolytes.  This  is  achieved  through  the  ﬁltering  of  low  energy  at discrete  points  within  theeywords:
lectrolyte doping
lectrochemical machining
lectrolyte jet machining
cm
lectrochemical jet processing
energy  distribution  curve.  Two  fundamental  mechanisms  of  current  ﬁltering  and  refresh  rate  are  proposed
and investigated  in order  to  underpin  the  performance  enhancements  found  using  this  methodology.  This
study  aims  to demonstrate  that  a step  change  in  process  ﬁdelity  and  ﬂexibility  can  be  achieved  through
optimisation  of the  electrochemistry  speciﬁc  to jet processes.
© 2017  Published  by  Elsevier  Ltd on behalf  of The  Society  of Manufacturing  Engineers.
ickel superalloy
. Introduction
It is widely recognised that component surface enhancement
hrough the application of multiple scale surface structures is
aramount to the optimisation of a component’s performance
1–5]. Realisation of these complex, often biologically inspired
urfaces presents a signiﬁcant manufacturing challenge. Elec-
rochemical methods present distinct advantages over more
ommonly used technologies [6–9]. Creation of highly complex
urfaces over a large area, while preserving the metallurgy of the
ear-surface is not easily achieved. Conventional processes which
ely on thermal or shear-based interaction with a tool or energy
eam can impart detrimental surface effects, such as residual stress
nd thermally affected zones.
Electrolyte jet processing (EJP) is a high-precision variant of
lectrochemical machining (ECM). EJP is the amalgamation of
lectrochemical jet machining (EJM) [10] and electrochemical jet
eposition (EJD) [11,12] within a uniﬁed machine tool [13]. An
lectrolytic cell is formed between the nozzle, and the workpiece
onﬁned within the electrolyte jet (see Fig. 1). At sufﬁcient veloc-
ty, a thin ﬁlm area develops radially about the nozzle as the jet
mpinges. This creates a high resistance area on the target sur-
∗ Corresponding author.
E-mail address: adam.clare@nottingham.ac.uk (A.T. Clare).
ttps://doi.org/10.1016/j.jmapro.2017.11.028
526-6125/© 2017 Published by Elsevier Ltd on behalf of The Society of Manufacturing Eface, which restricts current allowing for mask-less deposition or
removal of material. In most experimental apparatus, this is fur-
ther aided by an air shroud, co-axial to the nozzle (Fig. 1a) helping
to constrict the jet further and also serving to assist in debris and
gas bubble removal which form during machining [14].
EJP in subtractive mode has been successfully applied in creat-
ing meso- and micro-scale surface structures across a wide range
of materials [15–21] and applications [22–26]. Prior research work
has been carried out to enhance EJP through modiﬁcation to the
nozzle tip [13], enabling modulation of the machined proﬁle, which
is distinct from that resulting due to the Gaussian energy distribu-
tion (Fig. 1b and c). This modulation of the resistance in-jet allows
the response geometry to achieve not only application speciﬁc fea-
tures but, enhanced dimensional accuracy. This is manifested by
reduced side wall taper and ﬂatter cut ﬂoors analogous to more
conventional machining methods.
Electrolyte feedstocks have been investigated in order to
enhance resultant ﬁnish in EJP [27]. However, electrochemistry
within the inter-electrode gap (IEG) has not been a design criterion
in previous studies.
1.1. Proﬁle ﬁdelity enhancementsThe electrolyte itself has a signiﬁcant effect on the precision of
feature creation due to characteristic conductivity proﬁle speciﬁc
to each electrolyte [28]. The concentration and composition of elec-
ngineers.
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tig. 1. (a) Schematic showing the rudimentary conﬁguration of EJP apparatus in the
nergy distribution in-jet (c) extracted resultant machined proﬁle with geometrica
rolytes used in ECM and EJP speciﬁcally have been demonstrated
27,29] to inﬂuence the stochastic morphology of the machined
urfaces. Electrolyte current efﬁciency dominates the ﬁdelity of
lectrochemical machining processes [30,31]. This can be modu-
ated for a given solution by controlling current density. Previous
ontributions in this ﬁeld [17] have highlighted the role played by
he electrolyte in deﬁning process precision.
The relationship between current density and current efﬁciency
s exaggerated for EJP techniques due to large spatial current den-
ity differentials [32]. This causes localised regions where current
ensity exceeds the well-understood activation threshold and thus
he onset of machining. Rounded proﬁle features and signiﬁcant
ide wall taper (Fig. 1c) are observed [33,34] due to the extremes
n current density found across the jet when using conventional
NaNO3 and NaCl) electrolytes. This is problematic since material
emoval/deposition rate is proportional to current density.
The effect of electrolyte composition has been reported to affect
imensional accuracy in the more established practice of electro-
hemical machining (ECM). The type of electrolyte to be used has
een investigated [35,36] alongside concentration [31,37], which
ave been shown to improve precision. However, these innova-
ions, although effective in general ECM, are not so applicable to EJP.
his being due to the aforementioned large spatial current density
ifferentials across the jet diameter.
Previous attempts to negate this deleterious effect and there-
ore improve the dimensional accuracy and aspect ratio of the
eterministic feature have included the innovation of the hybrid
JM processes. Laser-assisted EJM [38–41] has been employed as ‘focussing’ tool to enhance the conductivity at the centre of
he electrolyte jet, through a localised temperature increase. This
erves to normalise the effective current density outside of the cen-
ral machining region to reduce overcut. Electrochemical slurry-jetactive mode (b) detailed schematic of jet interaction zone demonstrating Gaussian
itions.
machining [42,43] was  developed, whereby the anodic dissolution
mechanism is complemented by the application of abrasive jet,
again increasing the material removal rate leading to higher aspect
ratio holes, although at the loss of surface quality. A further adap-
tation is the introduction of a pulsed current power supply. First
exploited in general electrochemical machining [37,44,45] inho-
mogeneity in the ﬂow ﬁeld is reduced due to the rapid updating of
the electrolyte. This ensures that machining is restricted to beneath
the jet as the electric double layer takes longer to form in the lower
current density areas at the periphery of the jet [46,47].
It is hypothesised that signiﬁcant process enhancements can
be achieved by exploiting in-jet electrochemical reactions through
doping of conventional electrolytes. It is proposed that when cou-
pled with modiﬁed nozzles, predeﬁned and high-ﬁdelity proﬁle
geometries can be created. This study aims to demonstrate that
a step change in process ﬁdelity and ﬂexibility can be achieved
through optimisation of the electrochemistry speciﬁc to jet pro-
cesses.
1.2. Current efﬁciency
Electrolytes such as NaNO3 and NaCl are commonly employed
in electrochemical jet techniques due to their low cost, availability
and comparatively low toxicity. Despite response being dependent
upon work piece material, these can lead to signiﬁcantly differ-
ent resultant proﬁles. Aggressive electrolytes such as chloride are
understood to maintain high current efﬁciency over a wide range
of current densities [28]. In comparison, the current efﬁciency
when machining with sodium nitrate increases with current den-
sity, within current density ranges used in EJP. Noting the typical
Gaussian distribution of current density found when a standard
cylindrical nozzle is used (Fig. 1b). This can lead to signiﬁcant mate-
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Table  1
Nominal composition of Inconel 718% wt, including an inferred ECE in order to calculate theoretical material removal rates.
Ni Cr Nb Mo  Ti Al Co Si Mn  Cu C P Fe
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E% wt. 53.4 18.8 5.27 2.99 1.02 0.50
ECE  (kg/C) 0.304 0.180 0.019 0.025 0.124 0.09
ial removal occurring outside of the intended machining area,
eading to the overcut phenomenon, or so called secondary machin-
ng [13].
Evaluating the experimental volume of material removal across
 range of current densities allows comparison to the theoretical
aximum removal obtained through Faraday’s law. Thus giving, ,
he current efﬁciency for a particular electrolyte solution (Eq. (1)).
 = M(
A
zF
)
I
(1)
here M is the experimentally observed mass removal, A, the inci-
ent surface area, z the assumed dissolution valence, F the Faraday
onstant and I the current.
Secondary machining zones are observed in EJP at the periph-
ry of the jet where current density is lowest. In order to enhance
he precision of the process it is desirable to elevate the activation
urrent density for the electrolyte to enable work piece dissolution.
Iodide would not usually present itself as a viable alternative to
itrate and chloride electrolytes due to the higher cost and negligi-
le increase in conductivity over comparable solutions. However,
t is proposed that the characteristic ease of oxidation of iodide to
olecular iodine, to form an anodic ﬁlm, could create a transitory
urrent ﬁlter when an electrical potential is applied. It is proposed
hat the evolution of the anodic ﬁlm would require an energy trans-
er resulting in reduced current available to invoke machining. This
ould negate some of the deleterious effects observed when using
ther common electrolytes in low current density regions.
. Methodology
.1. Experimental apparatus
Experimentation was carried using a previously developed CNC
JP platform built by the investigators [18]. The apparatus consists
f a stainless-steel nozzle supplying the electrolyte jet acting as the
athode. This is coupled to the workpiece (anode) via a CNC PSU
hich is enabled to ﬁx current whilst allowing potential difference
o ﬂoat to meet the desired demand. The electrolyte is supplied
rom a reservoir using a Diener precision gear pumps. Both PSU
nd electrolyte supply pump are controlled by the main machine
PU which also controls the 3-axis motion to translate the jet across
he workpiece. Toolpath, nozzle traverse speed, electrolyte selec-
ion and ﬂow rate, which pertains to electrolyte jet velocity and
pplied current, can be controlled dynamically and as part of a
entral control code.
able 2
lectrolyte composition and conductivity for the range of concentrations used within this
Electrolyte Component Composition Ratio (M)  Ov
an
NaCl 2.3: 0 2.3
NaNO3 2.3: 0 2.3
NaNO3 1.8: 0 1.8
NaNO3 + 5% NaI (NaI5) 2.185: 0.115 2.3
NaNO3 + 10% NaI (NaI10) 2.07: 0.23 2.3
NaNO3 + 15% NaI (NaI15) 1.955: 0.345 2.3
NaNO3 + 20% NaI (NaI20) 1.84: 0.46 2.3
NaNO3 + 30% NaI (NaI30) 1.61: 0.69 2.3
NaNO3 + 40% NaI (NaI40) 1.38: 0.92 2.30.17 0.12 0.07 0.07 0.03 0.01 Bal
0.031 0.073 0.285 0.659 0.018 0.006 0.019
2.2. Material considerations
A Ni-super-alloy, Inconel 718, was used as the workpiece for all
experiments. This workpiece was  chosen for its poor conventional
machinability (American Iron and Steel Institute (AISI) machin-
ability rating 0.3 compared to B1112 grade Steel machinability
rating of 1). It is commonly used in high-value manufacturing
components where high-temperature mechanical properties are
sought. Previous work has demonstrated the sensitivity of this
material to current density modulation and the effect on the resul-
tant surface ﬁnish [18]. Nominal material composition is outlined
in Table 1 accompanied by the weighted average inferred electro-
chemical equivalent (ECE) at a ﬁxed current density. All samples
were pre-polished to ≈ 1 m surface roughness (Ra) before machin-
ing. Samples were cleaned post-process in an ultrasonic bath and
swabbed with acetone before microscopic inspection.
Throughout these experiments, and for simpliﬁcation, the
doped electrolytes will be referred to as NaI, with the corresponding
percentage (of the ionic strength), of the sodium iodide component
following it, as shown in Table 2. NaNO3 and NaI are combined in
the in dry salt form to the required ratio by weight and deionised
water added dissolving the salts to form the electrolyte.
During surface processing demonstrations and comparison of
modiﬁed nozzle proﬁles the electrolyte velocity was  maintained
at a constant of 16 m/s  (1 mm,  0.5 mm and 0.25 mm I.D nozzles)
(Fig. 10–12) to match the maximum possible jet speed achievable
by the system when using a 1 mm I.D. nozzle. For the refresh rate
experimentation, detailed later, jet speed was varied from 4 m/s to
29 m/s  (the upper and lower bounds of machine capability with a
0.5 mm I.D. nozzle). In all other cases, the electrolyte velocity was
maintained at 25 m/s  being an arbitrary value used generally dur-
ing processing with a 0.5 mm I.D. nozzle. The inter electrode gap
(IEG) was  set initially through an automated touch-sense system
[19] at 0.25 mm for the modiﬁed and 1 mm I.D. nozzle and 0.5 mm
in all other cases. For surface structuring a constant applied current
of 900 mA (J = 100 A/cm2) for 1 mm nozzle, 900 mA (J = 400 A/cm2)
for the 0.5 mm nozzle and 200 mA (J = 400 A/cm2) for 0.25 mm noz-
zle. Where J is the predicted mean current density at the nozzle.
In the case of the electrolyte efﬁciency test current density ranged
from 20 A/cm2 to 200 A/cm2. The refresh rate and incident iodide
concentration were both appraised at 100 A/cm2. The electrical
potential was left to ﬂoat as this was seen to vary dependant on the
nozzle geometry, electrolyte conductivity, and surface geometry,
and therefore subsequent resistance. Where nozzle translation was
 study. All measurements taken at 23 ◦C (SD 0.2 ◦C).
erall Electrolyte Ionic Strength
d Molar Concentration (M)
Electrolyte Conductivity (ms/cm−1)
 165.4 (SD 0.1%)
 136.6 (SD 0.03%)
 116 (SD 0.1%)
 137.7 (SD 0.1%)
 139.7 (SD 0.1%)
 141.8 (SD 0.1%)
 143.3 (SD 0.2%)
 145.6 (SD 0.1%)
 149.4 (SD 0.1%)
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sig. 2. Schematic to show the deﬁnition of the metrics used in this study (a) the de
he  top 20% of the total depth.
sed, speed was maintained at 0.5 mm/s, except for experiments
eported in Fig. 15 where 0.1 mm/s  was used.
.3. Characterisation metrics
In order to assess the response proﬁles produced several met-
ics to deﬁne the geometrical shape can be applied. The resultant
achined proﬁles of each nozzle type were imaged using a focus
ariation microscope (Alicona G5 inﬁnite focus, x20 magniﬁca-
ion) to create geometrical surface maps. Proﬁles of the resultant
achined features were extracted from these surface maps using
igitalSurf MountainsMap software. Geometrical analysis of the
roﬁle data through the software was carried out to obtain depth,
eﬁned as the distance from the substrate surface to the maxima
f the material removal in the z direction, dissolution kerf, deﬁned
s the maximum width of the dissolution region at the substrate
urface (Fig. 1c), cross sectional proﬁle area, precision, overcut and
Fig. 3. Schematic of the toolpath used to create dimples and accompanying en of overcut (b) deﬁnition of sidewall slope and (c) the deﬁnition of precision using
side wall slope (taper) of each of the resultant proﬁles (see Figs. 1c
and 2).
Total overcut is deﬁned as the remaining area of the removed
proﬁle on both sides of the resultant feature. This is achieved by
removing the idealised proﬁle, being the area removed directly
below the nozzle, for the full depth of the feature. In the case of
Fig. 2a this is 1 mm axially to the nozzle. Minimising overcut is
also seen as advantageous within the process as not only does this
demonstrate an increase in ﬁdelity of the response proﬁle to that
expected, but also makes the process more easily implemented into
component design for manufacture.
Slope, (Fig. 2b) is deﬁned in this case as the gradient of the side
wall in rise over run format. Side wall slope was extracted from
the bulk of the edge ignoring both the radius at the top and bot-
tom of the wall. This is analogous to the taper deﬁned in machining
processes and allows comparison between the proﬁles that are cre-
ated, greater slope giving a more uniform squarer cross section and
a lower slope value giving a more triangulated proﬁle.
xample SEM image of the resultant features created. Scale bar is 1 mm.
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tig. 4. Nozzle types used within this study (a) standard nozzle (b) 1 mm I.D. symm
OSPE), (d) 0.5 mm I.D. STE nozzle, (e) 1 mm I.D. double channel cut nozzle (DCC) an
In Fig. 2c precision is deﬁned as the slope of the side wall taken to
 depth of 20% of the total depth from the top substrate surface. This
llows comparison of the individual electrolytes ability to inﬂuence
ow current areas. The greater the slope, the greater the precision,
s the un-wanted rounding effects on the shoulder of the cut are
inimised and this therefore reﬂects on the overall kerf dissolution
n comparison to the nozzle I.D. Below this threshold, effects from
ozzle design and electrolyte ejection have a greater inﬂuence.
.4. Current efﬁciency testing
To obtain experimentally derived material removal, an array of
 × 5 dimples was machined at varying current density levels up to
00 A/cm2 (Fig. 3). Each dimple was created using a speciﬁc tool-
ath to maintain ﬁdelity to experimental parameters, with a dwell
ime of 4 s using a standard 0.5 mm I.D. nozzle.
The dimple arrays were then scanned using a focus variation
icroscope in the same manner as the machined proﬁles, to obtain
ig. 5. Photographs of the interaction zones whilst machining at 20 A/cm2 (a) with NaN
he  jet zone. Scale bars are 2 mm.l twin element nozzle (STE), (c) 0.25 mm I.D. off-centre single point nozzle design
 mm I.D. steps nozzle design. All scale bars 500 um.
the volume of material removed for each current density with dif-
ferent electrolytes; NaNO3, NaCl and the doped electrolyte series.
Electrolyte compositions are outlined in Table 2. From the extracted
volumes, the experimental material removal can be calculated by
incorporation of the material density (Equation 1).
NaNO3 and NaCl were purchased from Scientiﬁc Laboratory Sup-
plies Ltd. (UK) and NaI was purchased from Fisher Scientiﬁc UK Ltd.
All chemicals were analytical grade reagents and were used with
no further preparation. Electrolyte solutions were prepared using
deionised water. Electrolytes were maintained at 21 ◦C during all
experiments.
2.5. Surface processingStandardised stainless steel, cylindrical, straight walled nozzles
(Fig. 4) with internal diameters (I.D.) of 1 mm,  0.5 mm,  0.25 mm and
0.15 mm were used to demonstrate the electrolyte and as the base
for the modiﬁed nozzle tip geometries. The nozzle tip modiﬁca-
O3 (2.3 M)  and (b) NaI20 (2.3 M),  showing the formation of the iodine radial about
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NFig. 6. 3D surface map  of compared machined dimp
ions were generated in CAD and toolpaths generated in CAM. Using
ire electrical discharge machining (WEDM), the modiﬁed geom-
try was cut into the standard nozzle tips (Fig. 4) using a specially
esigned jig to ensure symmetry in the geometry.
A previously designed nozzle (Fig. 4b) was employed to high-
ight areas where the hybrid electrolyte is advantageous in reducing
econdary machining zones over a conventional electrolyte. The
ymmetrical twin element (STE) modiﬁed nozzle with an I.D. of
 mm was employed to create multiple pass striations for compar-
son of response proﬁles. Fig. 4d–f shows a range of nozzles used to
emonstrate the capability of this methodology to create surface
tructures with the modiﬁed nozzle tips and enhanced electrolyte
emonstrating the scalability of the methodology. Fig. 4c being a
.25 mm I.D. nozzle cut with off-centre single point element (OSPE).
ig. 4d being an STE design except in this instance cut into a 0.5 mm
ozzle. Fig. 4e and f are complex nozzle designs cut into 1 mm I.D.
ozzles to achieve a speciﬁc cut with a secondary smaller indent at
he base of the cut and minimised taper.
ig. 7. Tinted SEM images tilted at 60◦ of machined pits and associated contour informat
aI10. Scale bars 500 m. using a 1.8 M solution of NaNO3 and (b) with NaI20.
3. Surface processing
3.1. Enhanced precision
In Fig. 5 an effect of NaI addition to the electrolyte can be
observed. In Fig. 5b iodine can be seen to be forming under the
jet impingement area as a dark cloud, in comparison to Fig. 5a,
where only NaNO3 was  used. Here no coloration of the thin ﬁlm
area is observed. It is interesting to note that iodine saturation
within the electrolyte thin ﬁlm, is visible up to 2 mm  from the noz-
zle axis, where the iodide is oxidised. This is well within the resistive
thin ﬁlm area, where the current developed is extremely low and
material removal would not occur.
The justiﬁcation for the selection of NaI as a dopant can be seen
in Fig. 6 where exemplar 3D surface maps generated from an areal
scan of dimples are presented. Fig. 6a demonstrates a dimple cre-
ated with a 1.8 M solution of NaNO3 showing the contour lines
corresponding to the colour-scale changes. In Fig. 6b identical pro-
ion from surface scans of dimples machined at 200 A/cm2 in (a) NaNO3 (b) NaCl (c)
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fig. 8. Comparison of machined proﬁles using 3 different electrolytes. Proﬁle scans
aken from the dimples produced using a standard nozzle at 100 A/cm2.
ess parameters were used but NaI was added to the electrolyte
olution, to make a 2.3 M solution (NaI20, Table 2).
Prior research [31] has identiﬁed that a reduction in electrolyte
oncentration leads to an increase in precision. However, in this
ase, although the concentration and conductivity has increased
n Fig. 6b with the addition of NaI, a 10% reduction in area of the
imple proﬁle from 62541 m2 (SD < 1%) to 56128 m2 (SD < 1%)
as occurred, recalling Table 2. This change in area can be seen in
ig. 6, the reduction in rounding at the surface to feature interface
n 6b compared to 6a and the wider ﬂatter bottom to the base
esulting in a steeper side wall to the dimple.
In Fig. 7 SEM of dimples machined with 200 A/cm2 using three
ifferent electrolytes NaNO3 (a), NaCl (b) and NaI10 (c) are shown.
hese are accompanied with respective surface scans. The obvious
ifference is observed in the SEM images at the shoulder inter-
ace of the dimple to substrate surface. Comparing the red contour
and of all three images the enhanced electrolyte shows a thinner
ore deﬁned band at which the same gradient occurs at a shallower
epth range.
When the precision metric (as deﬁned in section 2.3) of three
amples are compared, the enhanced electrolyte shows a mean
ig. 9. Comparison of material removal and precision across the variation of electrolytes a
rom  the samples machined with NaCl, NaI20 and NaI40 all represented on the same scalturing Processes 31 (2018) 273–285 279
slope of 0.373 m/m (SD 5.3%) achieving a 149% increase when
compared to the NaCl electrolyte (0.15 m/m SD 4.8%) and 96%
when compared to the NaNO3 electrolyte (0.19 m/m SD 7.8%). It
is worth noting that chloride, although exhibiting the worst geome-
try deﬁnition of the three electrolytes, achieves a greater machining
depth of 104 m (SD <1%) compared to 92 m (SD 1.7%) for the
NaNO3 and 90 m (SD 2%) for the NaI10. This is a result of the con-
sistently high current efﬁciency of this electrolyte across a broad
range of current densities.
The resultant proﬁles seen in Fig. 8, machined with the standard
nozzle at 100 A/cm2, continues to demonstrate the same trend in
the enhancement of the geometry deﬁnition at the dimple shoulder
despite the reduction in applied energy. A reduction in overcut of
59% is seen when NaI20 is used (2607 m2 SD 5.8%) as compared
to NaCl (6377 m2 SD <1%). A 43% reduction is also observed when
compared to NaNO3 (4544 m2 SD 6%).
This change in the removal proﬁle in comparison to NaNO3
occurs at all current densities tested in this study. This is consistent
with the hypothesis for this work that some energy will be pref-
erentially utilised in oxidation of the dopant as opposed to direct
machining. It should be noted that for this reason, iodide enhanced
electrolytes are not recommended in applications whereby high
material removal rates are sought over process dimensional accu-
racy. This is demonstrated in Fig. 9 where the precision metric
deﬁned in section 2.3, which reﬂects on the overall dissolution kerf,
obtained from dimples at 200 A/cm2 is compared to the material
removal rate (MRR) across the range of electrolytes tested.
The trend can be seen whereby NaCl demonstrates the high-
est removal rate at 0.078 mg/s (SD <1%) then decreasing by 8% to
0.069 mg/s (SD 2.4%) with the use of NaNO3. MRR  is reduced by the
introduction, and increasing NaI concentration, culminating in a
reduction of 34% in the MRR  compared to the straight NaNO3 solu-
tion with NaI40 having an MRR  of 0.046 mg/s (SD <1%). Therefore,
for every 1% increase in NaI added there is approximately a 1.2%
decrease in MRR. Conversely, precision is seen to increase from
NaCl showing the lowest slope at 152 m/mm  (SD 4%) to a 25%
increase with the use of NaNO (190.8 m/mm  SD 7%). Culminat-
ing with a 206% increase in precision when a 20% addition of NaI is
used (583.6 m/mm  SD 7%) compared to a straight NaNO3 solution
and 284% increase when compared to NaCl. Precision can be seen to
t 200 A/cm2 Reconstructed and sectioned 3D images of exemplar machined dimples
e. All scale bars are 250 m.
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Fig. 10. (a) Comparison of NaNO3 and NaI10 proﬁles produced with an STE nozzle used over 4 passes demonstrating the increase feature ﬁdelity in discrete areas that can be
achieved when used with a modiﬁed nozzle and hybrid electrolyte. (b) 3D reconstruction of a sample cut with an STE nozzle and NaINO3 (c) 3D reconstruction of a sample
cut  with an STE nozzle and NaI10.
Fig. 11. All features were machined using NaI10 and applied to varying nozzle designs at differing scales (a) 250 m I.D. nozzle cut with an OSPE geometry and the resultant
proﬁle  shown below. (b) 500 m I.D. nozzle with resultant geometry below. (c, d) 1 mm nozzle cut with an intentionally complex pattern to test the ﬁdelity of the proﬁle that
can  be created with the resultant proﬁle below. (e) Shows a scanned surface map  converted into a 3D image where all the above nozzles have been used to create features.
(f)  From the trench created by nozzle c. (g) and (h) using nozzle (a) in two differing directions giving a different effect in both directions. (i) Deep pits created by nozzle (b)
next  to patterning created by nozzle (a) going into deep trench created by nozzle (d). (j) Nozzle (a) leading from pits created by nozzle (b). (k) Ribs created by nozzle (b). All
scale  bars are 500 m.
J. Mitchell-Smith et al. / Journal of Manufacturing Processes 31 (2018) 273–285 281
F ess ca
A
i
p
d
d
f
s
s
n
o
3
t
t
t
o
I
d
b
t
0
a
f
e
b
o
g
i
t
a
t
r
f
E
n
v
t
d
g
5
n
w
s
s
t
tig. 12. SEM images of repeating surface structures developed to demonstrate proc
ll  scale bars are 500 m.
mprove by 50% for every 5% extra ratio of NaI that is added up to this
oint, beyond which precision appears to decrease at this current
ensity level. As material removal becomes reduced at this current
ensity level, the dimple proﬁle area drops to 47200 m2 (SD <1%)
or NaI40 compared to 55700 m2 (SD <1%) for NaI20, meaning the
ide wall slope is very low and is reﬂected in the evaluated preci-
ion. Therefore beyond 20% inclusion of NaI, the reduced MRR  is
ot off-set by increased precision making this the most favoured
ption at this current density.
.2. Enhanced feature generation
The application of more complex nozzle designs to affect a dis-
inct proﬁle demonstrates the enhancements that are achievable
hrough implementation of the doped electrolyte. When the elec-
rolytes are couple with modiﬁed nozzle tips the increase in ﬁdelity
f the response proﬁle to the nozzle tip geometry is exaggerated.
n the case of Fig. 10a, an STE nozzle is used over 4 passes. Several
istinct areas of change are observed. Firstly, a reduction in width
y 10% to 1.74 mm (SD <1%) with the NaI10 electrolyte. Secondly,
he slope on the side walls can also be seen to increase by 34% to
.35 m/m (SD 2.4%). Furthermore, the radius at the shoulder and
pex of the troughs is reduced giving a reduction in overcut of 14%
rom 40181 m2 (SD 2.2%) to 34496 m2 (SD 1.8%).
Proﬁles in Fig. 10 show that even when used with an enhanced
lectrolyte there is a limit to the precision of the geometry that can
e achieved. It is apparent though, that these features inﬂuence the
verall proﬁle created since they are signiﬁcantly different to those
enerated with the equivalent NaNO3 electrolyte. The ﬁdelity to the
ntent from the nozzle design is also inﬂuenced by secondary fac-
ors which includes hydrodynamic and changing resistance proﬁles
s the cut feature evolves. This is in contrast to other energy beam
echniques where the end-effector geometry directly denotes the
esponse proﬁle.
In Fig. 11, the innovation demonstrated previously is deployed
or the purpose of demonstrating the new capabilities available to
JP practitioners. Here, Inconel 718 is processed using a number of
ozzles with NaI10 electrolyte to investigate the application of pre-
iously generated geometries on a smaller scale and to investigate
he ﬁdelity of features that can be achieved using complex nozzle
esigns.
The principle of nozzle design is applied to create an OSPE type
eometry on a 250 m nozzle (Fig. 11a) and STE geometry on a
00 m nozzle (Fig. 11b). In doing so the scalability of this tech-
ique is highlighted. Using smaller nozzles leads to reduced kerf
idth while maintaining the desired proﬁle. Utilising higher jet
peeds, current densities (∼400 A/cm2) and slower head traverse
peeds (∼0.1 mm/s) to obtain enhanced precision features with
hese smaller nozzles, Fig. 11e.
New nozzle designs were also realised to test the ability of
he process to maintain proﬁle ﬁdelity. Figures 11e-k show a sur-pability for enhanced adhesion. Machining undertaken with a 0.15 mm I.D. nozzle.
face scan transposed into a 3D image and accompanying SEM
images. This demonstrates how response proﬁles can be com-
bined, through superimposition, to create an application-ready
surface, for example, in microﬂuidic reactors, biomimetic surfaces
or mechanical interlocking interfaces. Complete surface process-
ing was undertaken in under 45 min  including nozzle changes. The
use of additional tooling was not required. All four proﬁles seen in
Fig. 11a–d were taken from this sample and demonstrate both the
depth and proﬁle achieved by a single pass.
Fig. 12 shows the application of the enhanced electrolyte with
a standard 150 m nozzle to create repeated surface structures
with sharp angular interfaces required for an enhanced adhesion
surface application. Although the rounded base is still prevalent
due to the use of a standard nozzle, sharpness of the feature-to-
surface-interface and reduced taper at the top section of the proﬁle
is obvious. The slight undercut and curved top edge created in one
direction occurs because of hydrodynamic effects. Upon successive
machining passes the recessed regions are exposed diverting eject-
ing ﬂuid ﬂow. This effect can be minimised or exploited by careful
consideration of the toolpath and associated process parameters.
4. Process mechanics
From the results obtained through experimentation the
enhancement to precision and ﬁdelity of the resultant features cre-
ated is obvious through the range of NaI-doped electrolytes used.
The removal effects in the ﬁrst instance appear to concur with the
original hypothesis. However, the increasing conductivity of the
NaI–doped electrolytes (Table 2) as the concentration increases the
resultant proﬁles demonstrate a counterintuitive trend of signiﬁ-
cantly reducing MRR. The mechanism involved therefore requiring
greater investigation.
4.1. Current ﬁltering
Improvements can start to be explained by consideration of cur-
rent efﬁciency characteristic of each electrolyte (Fig. 13a). Here
individual electrolyte current efﬁciency has been obtained from
experimental comparison to theoretical values as outlined in Sec-
tion 1.2 and using Equation 1. There is a stark difference in current
efﬁciency at the lower current densities (< 60 A/cm2) between the
electrolytes. In comparison to NaCl, all the NaNO3 based elec-
trolytes exhibit a much lower efﬁciency at low current densities.
It is worth noting that it was deemed at this point not to take the
inclusion of NaI further than 40% due to low MRR  at these current
density levels and the cost implications for large-area processing.
At 20 A/cm2, NaI20 exhibits an efﬁciency of 1.3% (SD < 1%) in com-
parison to NaNO3 at 26% (SD < 1%) efﬁciency, and NaCl at 66% (SD
1.3%) efﬁciency. In comparison, at 200 A/cm2, NaI20 exhibits an efﬁ-
ciency of 62% (SD < 1%), when compared to NaNO3 at 73% (SD 1.8%),
and NaCl at 84% (SD < 1%).
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wig. 13. Energy ﬁltering mechanism description (a) comparison of electrolyte efﬁcie
f  the mechanism occurring leading to exclusion of current levels at discrete point
urve.
Since the current efﬁciency at low mean current density is lower
or the NaI-doped electrolytes, the threshold energy required for
aterial removal is not achieved at the periphery of the feature.
ence, material removal is inhibited in these secondary machining
ones, and a sharper edge deﬁnition is observed, shown by the high-
ighted regions in Fig. 10a. This can then be compared to the higher
urrent density areas at the centre of the pit where the efﬁciency
ifferential between electrolytes is markedly reduced. Therefore,
he energy density proﬁle will demonstrate a steeper slope for
he enhanced electrolyte resulting in less overcut as shown by the
echanism schematic in Fig. 13b whereby the resultant machined
roﬁle will be a mirror of the energy density curve.
This phenomenon can be further observed in Fig. 14, where 3
ines were machined with mean current densities increasing from
ig. 14. Optical micrograph of three machined lines all using the identical toolpaths and
hich  the applied current exceeds the energy ﬁlter required to initiate dissolution of theross the range of electrolytes tested including increasing ratios of NaI (b) description
e energy distribution, the machined proﬁle being the mirror of the energy density
4 A/cm2 to 50 A/cm2 in 3 mm steps at 0.5 mm/s. The lines were
machined with NaNO3, NaI20 and NaI40.
It can be observed from Fig. 14 that as the current density
increases from left to right, the ﬁltering effect of the NaI addition
can be clearly seen. The NaNO3 (control) line showing an initial
light texturing effect at 4 A/cm2 as the dissolution energy required
for the material is reached. From that point on the texturing con-
tinues to become more deﬁned to 32 A/cm2 where the mechanism
has stabilised and becomes a consistent width. In comparison, the
lines for NaI20 and NaI40 demonstrate very different regimes. The
Gaussian energy distribution is acutely obvious as surface textur-
ing starts to appear at the point where the energy distribution is
highest in the centre of the jet and ﬁlling out to the width of the
ﬁnal line as current increases, noting the reduced width of the tex-
tured area in comparison to the NaNO3 throughout. The NaI20 line
 machine parameters but with differing electrolytes, to demonstrate the point at
 material.
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urface initiating dissolution at 8 A/cm2 and achieving a consistent
ine width by 36 A/cm2. The NaI40 line starts to achieve dissolution
 step further on than the NaI20 line at 12 A/cm2, although with
 much lighter and thinner texturing. In line with this, the NaI40
lectrolyte does not achieve a consistent line until 1 step beyond
he NaI20 at 38 A/cm2. The difference in dissolution kerf, pertaining
o precision can again by observed with the NaNO3 line having a
nal width of 1.97 mm in comparison to the NaI20 of 1.69 mm and
he NaI40 of 1.45 mm demonstrating a 26% reduction for the NaI40
lectrolyte.
The increased suppression of current efﬁciency at low current
ensities through increasing concentration of NaI (0–40%) is under-
tood to be a result of beneﬁcial Faradaic losses within the anodic
xidation process. The reduction in current efﬁciency is not depen-
ent on electrolyte conductivities. This assertion is supported by
he measured conductivities (Table 2), and the known linear rela-
ionship between electrical potential as deﬁned by Ohms law. In
ddition, equimolar ionic strength solutions were used throughout
his study, with all electrolytes having similar theoretical activity
oefﬁcients.
Iodide is a strong reducing agent (Eo 2I− → I2 = −0.62 V vs.
HE). This is especially pertinent in comparison to commonly used
hloride (E◦Cl− → Cl2 = −1.40 V vs. SHE) containing electrolytes,
uch as NaCl [48]. It is proposed that this readiness of iodide
nions to undergo oxidation to molecular iodine presents a rela-
ively facile route through which energy that would otherwise be
evoted to the electrolytic oxidation of nickel (material removal)
Eo Ni → Ni2+ = 0.26 V vs. SHE) and other alloying elements, is trans-
erred. This competing electrode reaction supresses the anodic
issolution of the nickel-based substrate, leading to the experimen-
al observation of a machining cut-off point; manifested in a current
ensity below which the current efﬁciency approaches 0%. This cut-
ff point is different for each electrolyte tested and increases with
odide concentration. The addition of iodide at varying concentra-
ions therefore leads to greater aspect ratio features, superior edge
eﬁnition, and reduced overcut. It should be noted that this is effect
s also dependent upon the work piece material.
.2. Refresh rate
In order to further assess the mechanism leading to increased
recision, a series of experiments were conducted varying the elec-
rolyte jet speed across the range available; 4, 10, 19, 27 and 29 m/s.
onsidering Fig. 15, where resistance and removed proﬁle area are
ompared to jet speed, a second inﬂuencing mechanism can be
dentiﬁed in relation to the Faradaic ﬁltering effect, relating to the
odide concentration at the work surface. It is shown in Fig. 15a thatsistance and (b) proﬁle area removed with differing electrolytes.
as the electrolyte jet speed is increased there is negligible change
in the in-process resistance experienced in the IEG, for NaNO3 elec-
trolytes, beyond the initial increase up to 10 m/s  associated with a
transition in debris clearance regimes [13]. In comparison, the NaI-
doped electrolytes have higher, and increasing, resistance with jet
speed. This is counterintuitive since the conductivity of these elec-
trolytes exhibits the opposite resistance trend. This is attributed to
the readiness with which the transitory iodine mask forms in these
electrolytes. At the highest jet speed, with a constant J of 100 A/cm2,
the NAI40 electrolyte shows a 62% increase from 162  (SD 2.2%)
to 263  (SD 3.6%).
In conjunction with this, in Fig. 15b the relationship with jet
speed to the area removed can be observed. The NaNO3 electrolyte
displays a negligible change in area removal of 4% (SD 2%) over the
range of jet speeds, the NaI20 in comparison demonstrates a 9%
(SD 2%) reduction in area from the lowest to highest jet speeds.
However, the NaI40 experiences a drop of 39% (SD 2%) over the
jet speed range having an area 42% (SD 2.2%) less than NaNO3 at
29 m/s.
From these results, the second inﬂuencing mechanism can be
elucidated; the refresh rate. It is clear that the concentration of
iodide present in the feedstock is not the only contributing factor,
but also the rate at which it is refreshed at the surface. The higher
the iodide refresh rate (consistent with increased jet speed), the
greater the proportion of energy diverted from material removal to
iodide oxidation.
4.3. Incident iodide concentration (IIC)
In order to appraise these two  inﬂuences, a simple metric
can be developed, the incident iodide concentration (IIC) (Eq. (2))
expressed in mol/s.
IIC = V˙jet · M (2)
Where V˙jet is the volumetric ﬂow rate (ml/s) of the electrolyte jet
and M is the concentration of any given doping agent in each elec-
trolyte case. Fig. 16 shows the IIC as a function of NaI concentration,
in this case, and increasing pump speed. This allows comparison
between different iodide concentrations and pump speeds and
relates directly to the area removed and precision of the feature
created.
The extracted areas (Fig. 16b and c) show exemplar proﬁles and
the associated geometrical information taken across the same IIC
number. Although it would be expected that the proﬁles would
be similar, these demonstrate there is some variance in the actual
in comparison to calculation. The total area is comparable with
only a 4% difference however there are differences in the precision
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iig. 16. Comparison of ICC to actual feature geometry (a) Graph generated from 
roﬁle machined at 100 A/cm2 using NaI40 with 10 m/s  jet speed and mean geom
ith  19 m/s jet speed and mean geometry information from samples.
nd depth. This can be explained when comparing the geom-
try changes as jet velocity increases of the same experiments
sing a NaNO3 electrolyte. The NaNO3 electrolyte experiences a
1% increase in precision with increasing jet speed from 10 m/s
o 19 m/s  in comparison to a 15% increase in precision between
aI40 and NaI20 at the same IIC. The depth having a mean increase
f 11% for the NaI based electrolytes compared to 6% increase for
he NaNO3. This is likely due to hydrodynamic effects of increased
et speed aiding debris removal and helping to concentrate the
et impingement area which can be seen in the shape of the
esponse proﬁles. The NaI-doped electrolytes displaying a lesser
ncrease in precision, due to limits to the precision that can be
chieved, observing that the lower speed NaI40 still maintains a
ean increase of 7% precision over the higher jet speed NaNO3.
. Conclusions
It has been demonstrated through this work, that the use of
n iodide-doped electrolyte within electrochemical jet process-
ng techniques achieves a transitory ﬁltering effect. This leads to
 limitation of low-level current associated with poor precision.
Dimensional accuracy improvements, such as lower side wallaper, and superior surface intersection result from the use of
hese iodide-enhanced electrolytes, leading to modulated activa-
ion thresholds. It is observed that approximately, for every 1%
ncrease in NaI there is a 1.2% decrease in MRR  and conversely thereon 2 depicting ICC as a function of jet speed and NaI concentration (b) exemplar
formation from samples (c) exemplar proﬁle machined at 100 A/cm2 using NaI20
is a 206% increase in precision when a 20% addition of NaI is used
compared to a NaNO3 solution, and 284% increase when compared
to NaCl electrolytes at the equivalent ionic strength. Furthermore,
the discrete response proﬁles when used with complex nozzles
are exaggerated due to the enhanced energy density differential
perceived at the work surface.
Through this work, the concept of current ﬁltering and re-fresh
rate is introduced to explain the process mechanics involved lead-
ing to increases in precision and ﬁdelity through the inclusion of
sodium iodide in a doped electrolyte.
The metric of the incident iodine concentration (IIC) is intro-
duced to demonstrate how the process mechanics can be combined
and evaluated.
This study has demonstrated that a step change in process
ﬁdelity and ﬂexibility can be achieved through optimisation of the
electrochemistry speciﬁc to jet processes.
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